Maternal obesity induces pregnancy complications and disturbs fetal development, but the specific mechanisms underlying these outcomes are unclear. Circadian rhythms are implicated in metabolic complications associated with obesity, and maternal metabolic adaptations to pregnancy. Accordingly, obesity-induced circadian dysfunction may drive adverse outcomes in obese pregnancy. This study investigated whether maternal obesity alters the rhythmic expression of clock genes and associated nuclear receptors across maternal, fetal, and placental tissues. Wistar rats were maintained on a cafeteria (CAF) diet prior to and throughout gestation to induce maternal obesity. Maternal and fetal liver and placental labyrinth zone (LZ) were collected at four-hourly time points across days 15-16 and 21-22 of gestation (term = 23 days). Gene expression was analyzed by RTqPCR. Expression of the accessory clock gene Nr1d1 was rhythmic in the maternal and fetal liver and LZ of chow-fed controls, but in each case CAF feeding reduced peak Nr1d1 expression. Obesity resulted in a phase advance (approx. 1.5 h) in the rhythms of several clock genes and Ppar-delta in maternal liver. Aside from Nr1d1, expression of clock genes was mostly arrhythmic in LZ and fetal liver, and was unaffected by the CAF diet. In conclusion, maternal obesity suppressed Nr1d1 expression across maternal, fetal, and placental compartments and phase-advanced the rhythms of maternal hepatic clock genes. Given the key role of Nr1d1 in regulating metabolic, vascular, and inflammatory processes, our data suggest that disruptions to rhythmic Nr1d1 expression in utero may contribute to programmed health complications in offspring of obese pregnancies.
Introduction
Maternal obesity complicates approximately 20% of pregnancies in Western countries [1] and leads to a range of adverse maternal and fetal health outcomes. Obese women are more likely to experience pregnancy complications such as gestational diabetes and miscarriage [2, 3] , and their infants are at a heightened risk for either macrosomia or intrauterine growth restriction [2, 4] . This disturbed development in utero can have lifelong health consequences, since offspring born to obese pregnancies often experience programmed metabolic disease in adulthood [5, 6] . While it is clear that obese pregnancy has negative effects on maternal and offspring health, the underlying mechanisms remain poorly understood.
Circadian rhythms are endogenous timing processes that have evolved in response to the light-dark cycle in order to optimize the timing and efficiency of biological processes in effectively all living organisms. While the circadian system regulates daily oscillations in a range of physiological and behavioral functions, it is particularly crucial in the regulation of metabolism [7, 8] . Analysis of such oscillations is facilitated by the use of cosinor regression, whereby the characteristics of rhythms can be readily quantitated C The Author(s) 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com and thus statistically compared. At a molecular level, circadian rhythms are driven by positive and negative transcriptional feedback loops of clock genes (clock circadian regulator (Clock), aryl hydrocarbon receptor nuclear translocator like (gene symbol alias: Bmal1) (Arntl), period circadian regulator 1-3 (Per1-3), cryptochrome circadian regulator 1-2 (Cry1-2), nuclear receptor subfamily 1 group D member 1 (Nr1d1), and RAR-related orphan receptor A (gene symbol alias: Rora) (Nr1f1)) which then influence downstream metabolic pathways [9] . Since obesity is widely considered a metabolic disease, the circadian system is likely a key regulator of obesity-related pathologies. Indeed, clock gene knockout models display altered metabolic phenotypes, including obesity and disturbed glucose metabolism [10, 11] , while circadian disruption (e.g., shift work) leads to obesity and metabolic disease [12, 13] . Moreover, diet-induced obesity disturbs hepatic clock gene expression, and thereby alters expression of downstream genes and associated hepatic function [14] [15] [16] . Thus, there appears to be a reciprocal relationship between obesity and circadian dysfunction.
Despite this evidence for obesity-induced changes to clock gene expression in the nonpregnant state, it is not known whether maternal obesity elicits similar effects during pregnancy. Maternal circadian rhythms change markedly across gestation [17] , which likely facilitates the maternal metabolic adaptations required to sustain fetal growth. Moreover, these circadian adaptations appear essential for normal fetal development, since circadian disruption during pregnancy causes maternal and fetal metabolic dysfunction and programs adverse metabolic outcomes in offspring [18, 19] . Given a functional circadian system appears vital for healthy pregnancy outcomes, compromised circadian clocks could be key contributors to obesity-induced pregnancy complications. This may include not only maternal tissue clocks, but also those in the placental and fetal tissues, which also express clock genes [20] .
Consequently, this study investigated the circadian expression profiles of clock genes and key downstream regulators of glucose and lipid metabolism (peroxisome proliferator activated receptor (Ppars) and solute carrier family 2 member 2 (previous gene symbol: Glut2) (Slc2a2)) in the maternal liver, placental labyrinth zone (LZ; the site of maternal-fetal exchange), and fetal liver in rat pregnancy. Maternal obesity was established by cafeteria (CAF) feeding [21] , and tissues were analyzed across days 15-16 and 21-22 of gestation (term = 23 days), thus spanning the period of maximal fetal growth. It was hypothesized that maternal obesity alters rhythmicity of clock gene expression in hepatic and placental tissues, and that this has related effects on downstream metabolic genes.
Materials and methods

Animals and diets
All animal procedures were approved by the Animal Ethics Committee of The University of Western Australia. Three-week-old albino Wistar rats were obtained from the Animal Resources Centre (Murdoch, Western Australia) and housed three to a cage. Animals were kept under a 12:12 h light-dark cycle at 22
• C, with ad libitum access to water and standard rodent chow (14 KJ/g total energy; 12% energy as fat, 23% protein and 65% carbohydrate; Specialty Feeds, Glen Forrest, Western Australia). Following a week of acclimatization, animals were separated into control (CON) or CAF diet groups; CON animals were maintained on standard chow, while CAF animals were provided with four snack food items per day, in addition to chow. CAF items were given in excess to be essentially ad libitum and were changed daily at approximately ZT 11-12 (from a selection of 17 items) to maintain novelty. This resulted in an average energy density of 16.4 KJ/g (47% energy as fat, 8% as protein, and 44% as carbohydrate). For a detailed list of CAF diet constituents, see Crew et al. [21] . After 8 weeks of diet exposure, animals were mated overnight after determination of proestrus by an estrous cycle monitor (EC40; Fine Science Tools, Vancouver, British Columbia, Canada). The male rats were age-matched to the females, chow-fed, and maintained in identical environmental conditions to ensure minimal variation from paternal factors. Day 1 of pregnancy was confirmed by presence of spermatozoa in a vaginal smear the following morning. Pregnant animals were separated to individual housing and maintained on their respective diets throughout pregnancy.
The timing of each tissue sampling is expressed relative to Zeitgeber time zero (ZT0), i.e., when lights were turned on in the animal facility (0700 h). Tissues were obtained at four-hourly intervals (ZT1, 0800 h; ZT5, 1200 h; ZT9, 1600 h; ZT13, 2000 h; ZT17, 2400 h; and ZT21, 0400 h) across days 15-16 and 21-22 of gestation (term occurs at day 23). At the appropriate collection time, animals (n = 7-8 per ZT for each diet) were anaesthetized using isoflurane/nitrous oxide. Maternal liver tissue was collected and fetal-placental pairs were removed via caesarean section. Placental LZ samples were isolated from whole placentas via blunt dissection, and liver tissue was collected from individual fetuses. Fetal sex was determined by amplification of the sex determining region Y (Sry) gene in fetal tail tissue at days 15-16 [22] or by anogenital distance at days 21-22 [23] . Although placental and fetal liver samples were collected for both sexes, only female tissues were analyzed for gene expression (one per litter). Notably, however, growth rates and steroid hormone responses to the CAF diet are similar in both sexes in this obesity model [24] .
Maternal blood was taken from the descending aorta, and fetal blood was pooled from decapitated female fetuses within each litter at day 21. Blood glucose was measured immediately in maternal and fetal blood samples (Accu-Chek blood glucose monitor; Roche Diagnostics, Mannheim, Germany). Blood samples were then mixed with 10:1 (vol:vol) 0.6 M EDTA and centrifuged at 13 000× g for 6 min to isolate plasma. All collected tissue and plasma samples were snap frozen in liquid nitrogen and stored at -80
• C until further analysis.
Insulin measurement
Insulin levels were measured in maternal and day 21 fetal plasma using a Milliplex MAP Rat Adipokine Magnetic Bead Panel (Cat. # RECYTMAG-65K; EMD Millipore Corporation, Billerica, MA, USA). The assay was performed according to the manufacturer's instructions and the plate was read on a Luminex Magpix (Luminex Corporation, Austin, Texas, USA). Data were analyzed with Magpix 4.2 Software. The intra-assay coefficient of variation was 8.4% and all quality controls provided with the Milliplex kit performed within expectations.
RNA and cDNA sample preparation
Total RNA was extracted from 50 to 100 mg of individual tissue samples using the QIAzol method (Qiagen Sciences, Maryland, USA), according to the manufacturer's instructions. RNA was assessed for concentration and purity with the Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and 5 μg of RNA was reverse transcribed to cDNA by the mouse Moloney leukemia virus reverse transcriptase RNase H Point Mutant with random hexamers (Promega, Sydney, Australia) as previously reported [25] . The resultant cDNA was purified using the UltraClean PCR Cleanup Kit (MoBio Laboratories, Carlsband, CA, USA). 
Quantitative PCR
The relative mRNA expression of clock genes (Clock, Arntl, Per1, Per2, Per3, Cry1, Cry2, Nr1f1, and Nr1d1) and genes that influence glucose and lipid metabolism (Ppar-alpha, Ppar-delta, Pgc1-alpha, Slc2a2) were analyzed via RT-qPCR on the Rotorgene Q (Qiagen, Hilden, Germany). All primers (see Table 1 ) were designed using Primer-BLAST [26] and were positioned to span an intron to prevent amplification from genomic DNA.
Each PCR reaction consisted of 10× Immolase buffer, 0.5 U Immolase DNA Polymerase (Bioline, Alexandria, NSW, Australia), 10 mM dNTPs, SYBR green (Molecular Probes, Eugene, OR, USA) at a 1/2000 dilution in DMSO, and gene-specific concentrations (see Table 1 ) of MgCl 2 and forward and reverse primer. Complementary DNA template (1 μl) was added to give a total reaction volume of 10 μl. The PCR reaction cycle included an initial denaturing stage at 95
• C for 10 min, followed by 45 cycles each comprising of 95
• C for 1 s, a primer-specific annealing temperature (see Table 1 ) for 15 s and a 72
• C extension period for 5 s. Samples were run in duplicate and no template controls were included in all PCR runs. Standard curves were generated in each PCR run from serial 10-fold dilutions of gel-extracted PCR product and were used to calculate the relative gene expression concentrations for each sample with Rotorgene Q series software. Common samples were included in each plate for comparison between PCR runs. All values were standardized against the reference genes peptidylprolyl isomerase A (Ppia), succinate dehydrogenase complex flavoprotein subunit A (Sdha), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (Ywhaz) using the GeNorm algorithm [27] .
Statistical analysis
All values are expressed as mean ± SEM, with n = 7-8 mothers per ZT group for each diet. Daily rhythms of gene expression or plasma hormone levels were assessed by nonlinear (cosinor) regression in Genstat 9.0 software (Hemel Hempstead, UK). This calculated the typical rhythm features of mesor (i.e., the rhythm-adjusted mean), amplitude (the difference between the mesor and peak), and acrophase (the time of the rhythm peak) for each daily profile. Comparisons of these cosine curve features between diet groups and gestational days were made by two-way analysis of variance (ANOVA) or t-test, as appropriate (GraphPad Prism version 6.00; La Jolla, California).
Other comparisons were made by ANOVA using GenStat 9.0 software (Hemel Hempstead, UK) to test for differences due to diet, time of day, or stage of pregnancy. When significant (P < 0.05) Figure 1 . Daily profiles of blood glucose and plasma insulin in maternal and fetal plasma of control (CON) and cafeteria (CAF) diet groups. Shaded areas represent the dark period. Values are the mean ± SEM (n = 7-8 per diet group at each ZT) and data for each time point were derived from separate groups of animals. Note different scales for fetal blood glucose and plasma insulin.
* P < 0.001 CON vs. CAF (overall diet effect in two-way ANOVA); † P < 0.05 compared to corresponding CON; † † P < 0.01 compared to corresponding CON (t-test following Diet × Time of Day interaction in two-way ANOVA). # P < 0.05 compared to peak ZT value for that diet and day (one-way ANOVA following Diet × Time of Day interaction in two-way ANOVA).
interactions were observed between factors, differences were assessed by t-test or ANOVA, as appropriate. When the F-test reached statistical significance (P < 0.05), specific group comparisons were made by least significant difference (LSD) tests.
Results
Caloric intake, weight gain profiles, body composition, and pregnancy data (litter sizes and pregnancy success rates) for this animal cohort has been previously reported [24] . Briefly, CAF animals exhibited increased caloric intake and weight gain across the study period; this resulted in a 25% increase in body weight after 8 weeks of pre-pregnancy CAF feeding, and a 56% increase in total percentage adiposity in CAF mothers by day 21 of gestation. Fetal and placental weights were slightly reduced in the CAF group across both days of gestation, but total fetal and placental weight per mother did not differ between groups due to a small increase in litter size in the CAF animals.
Profiles of blood glucose and plasma insulin
As expected, maternal blood glucose levels were relatively stable across each of days 15 and 21, although a significant, lowamplitude rhythm became evident at day 21 (P = 0.006). There was also a Diet × Stage of Pregnancy interaction, with elevated blood glucose evident in CAF mothers at day 15 (P < 0.001; Figure 1A ) but not at day 21. Fetal blood glucose levels increased 2.4-fold across day 21 (P < 0.001), but were unaffected by diet ( Figure 1A ). Maternal hyperinsulinemia was evident in the CAF group across all time points at day 15 (P < 0.001; Figure 1B ), whereas at day 21 there was a significant Diet × Time of Day interaction, with hyperinsulinemia evident in CAF mothers only at ZT13 (P = 0.02; Figure 1B ). Fetal insulin varied with time of day across day 21 (P = 0.01) but was unaffected by diet ( Figure 1B) .
Effects of the CAF diet on maternal, placental, and fetal clock gene expression Maternal hepatic clock gene expression
The expression profiles of all clock genes in the maternal liver were clearly rhythmic (i.e., significant cosinor fit) at both gestational ages, the single exception being Nr1f1 at day 15, where rhythmicity was abolished by the CAF diet (see Table 2 for r 2 and P values for cosine fit significance). Obesity reduced the mesor (i.e., the overall average expression across the full day) of Cry2 at both days of gestation (P < 0.05; Figure 2G and Table 3 ), and while the Per1 mesor appeared to be reduced in CAF mothers at day 15, this did not reach statistical significance (P = 0.08; Table 3 ). The CAF diet also reduced the amplitude (i.e., the difference between the mesor and peak expression level) of Per2 at both days, and those of Cry2 and Nr1d1 at day 21 (P < 0.05; Figure 2 and Table 3 ). Interestingly, the CAF diet induced a phase advance of approximately 1.2 h in the maternal hepatic expression of Arntl, Per2, Per3 at both days of gestation, Cry1 at day 15 and Nr1d1 at day 21 (all P < 0.05; Figure 2 and Table 3 ). Maternal hepatic clock gene expression also varied with gestational age; the mesor of Arntl, Per2, Cry1, Cry2, and Nr1d1 fell between days 15 and 21, while Per1 expression increased over this period (P < 0.001; Figure 2 and Table 3 ). The amplitudes of Arntl, Cry1, and Nr1d1 rhythms were also reduced between days 15 and 21 (P < 0.05; Figure 2 and Table 3 ). The acrophase (i.e., the time of the rhythm peak) for each maternal hepatic clock gene was largely unaffected by pregnancy stage, the only exception being that of Nr1d1, which was delayed by 0.8 h at day 21 compared to day 15 (P < 0.05; Figure 2I and Table 3 ). All of these gestational changes were similar in the two diet groups.
Placental clock gene expression
In contrast to the maternal liver, less than half of the placental clock genes measured were significant for cosinor fit (see Supplementary  Table S1 for r 2 and associated P values, and Supplementary Table   S2 for cosine curve features). Accordingly, conventional ANOVA was used to examine the impact of CAF feeding on their placental expression. Labyrinth zone expression of Clock was reduced by the CAF diet at day 15 (P = 0.012 overall diet effect, Figure 3A) , while Cry1 was increased in CAF at day 21 (P = 0.02 overall diet effect, Figure 3F ). Labyrinth zone expression of Nr1d1 exhibited a Diet × Time of Day interaction in LZ tissue, whereby its peak level was reduced by the CAF diet at both gestational days (P < 0.05; Figure 3I ). Labyrinth zone expression of all clock genes was increased from day 15 to 21 (P < 0.001; Figure 3 ), the sole exception being Nr1d1, overall expression of which fell between days 15 and 21 (P < 0.001; Figure 3I ).
Fetal hepatic clock gene expression
As with the placenta, cosinor rhythmicity was not consistently observed for fetal hepatic clock gene profiles (10/18 profiles reached significance for cosinor fit; see Supplementary Table S3 for r  2 and associated P values and Supplementary Table S4 for cosine curve features). Interestingly, there was consistency between the placenta and fetal liver with respect to cosinor rhythmicity (presence or absence) for all core clock gene profiles in CON pregnancies. Conventional ANOVA showed a significant Diet × Time of Day interaction for fetal hepatic Clock, Nr1d1, and Nr1f1 indicating that CAF effects on these genes were time-of-day-specific (see Figure 4) . Most notable among the diet effects was a suppression of peak fetal hepatic Nr1d1 expression, similar to the effects of the CAF diet on Nr1d1 expression in both maternal liver ( Figure 2 ) and the placental LZ ( Figure 3) .
Effects of the CAF diet on maternal, placental, and fetal
Slc2a2 and Ppars
Maternal liver
Rhythmic expression of Ppar-alpha and Slc2a2 was observed in maternal liver at both gestational ages in both diet groups (see Table 2 for r 2 and P values). Ppar-delta expression was also rhythmic in CON mothers on both days, but in each case this rhythmicity was abolished by the CAF diet (Table 3 and Figure 5A ). The CAF diet increased the mesor (P = 0.03) of maternal hepatic Slc2a2 at day 15 (when there was also a nonsignificant increase in Slc2a2 amplitude; P = 0.08), but not at day 21 (Table 3 and Figure 5D ). While Pgc1-alpha and Ppar-alpha levels were unaffected by the CAF diet, expression of both genes increased with gestational age (P < 0.05), as did that of Slc2a2 (P < 0.05). In contrast, the amplitude of Ppar-delta fell between gestational days 15 and 21 (P < 0.05; Figure 5) .
Interestingly, the Ppar-delta rhythm was phase advanced (approximately 1.7 h) by the CAF diet on both gestational days (P < 0.01; Table 3 and Figure 5B ), which was a comparable shift to that of several clock genes. To assess whether this Ppar-delta shift may be driven by clock genes, the relationships between Ppar-delta and key rhythm drivers, Arntl and Nr1d1 were assessed. This revealed a strong positive correlation between Ppar-delta and Arntl, and a negative association between Ppar-delta and Nr1d1 in each diet group across both days (see Figure 6 and Table 4 ).
Placental LZ
Expression profiles for Pgc1-alpha and Ppar-delta were not rhythmic at either day of gestation, while Ppar-alpha expression was rhythmic only in CON placentas at day 15 and CAF placentas at day 21 (Supplementary Tables S1 and S2 ). Conventional ANOVA showed that the CAF diet increased LZ Pgc1-alpha expression at day 21 (P < 0.001 overall diet effect; Figure 7C ). Labyrinth zone expression of Ppar-alpha and Pgc1-alpha both increased substantially between days 15 and 21 (P < 0.001; Figure 7A and C).
Fetal liver
Fetal hepatic Ppar-alpha, Ppar-delta, Pgc1-alpha, and Slc2a2 expression profiles all showed an increase across the day (P < 0.001; time of day effect in ANOVA; Figure 8 ), suggestive of a developmental change. Despite this time of day variation, none of these genes were affected by the CAF diet (Figure 8 ).
Discussion
This study demonstrates that maternal obesity in rat pregnancy suppresses the rhythmic expression of the accessory clock gene Nr1d1 in maternal liver, placental LZ, and fetal liver. CAF feeding also Table 3 .
reduced hepatic expression of Cry2 and Per2 in the mother and phase-advanced the rhythms of Arntl, Per2, Per3, Cry1, and Nr1d1. Importantly, these latter effects did not extend to either the placenta or fetal liver, both of which exhibited largely arrhythmic clock gene expression profiles. Our data also show that opposite changes occur with gestational age in maternal hepatic (decreased) and placental (increased) clock gene expression, irrespective of obesity. Overall, these data provide important insights to the impact of maternal obesity on rhythmic hepatic function in the mother. They further suggest that the molecular clock networks in fetal and placental tissues remain relatively underdeveloped late in rat pregnancy.
Nr1d1 is a vital component of the molecular clock network; its transcription is stimulated by the CLOCK: ARNTL heterodimer, and it acts in turn to repress Arntl and Clock transcription via RORE binding [28, 29] . Nr1d1 also plays a key role in the integration of the molecular clock with metabolic function [30] , including the stimulation of adipocyte differentiation in white adipose tissue [31] and the regulation of hepatic and adipose lipid metabolism [32] . Maternal hepatic Nr1d1 expression was strongly rhythmic and was slightly Values are the mean ± SEM and are expressed relative to CON mesor at day 15 (set to 100). Acrophase expressed in ZT. * P < 0.05 compared to CON at corresponding gestational day (t-test). † P < 0.05 overall effect compared to day 15, irrespective of diet (ANOVA).
NS: Not significant for cosine fit.
reduced by the CAF diet (albeit significantly only for amplitude at day 21). But more significantly there was a marked decline in the mesor and amplitude of hepatic Nr1d1 expression with gestational age, indicative of a "flattening" of the overall rhythm. This change is consistent with recent observations in mouse pregnancy where a similar change appears linked to alterations in hepatic glucose metabolism [33] . It has been proposed that the physiological implications of reduced hepatic rhythmicity may relate to an increased capacity for substrate provision to meet the high demands of fetal growth [34] . Placental Nr1d1 profiles were also rhythmic in CON animals, with a distinct peak in expression that was suppressed by the CAF diet. Importantly, Nr1d1 also affects numerous other tissue functions not directly related to the molecular clock [35] , including vascular [36] and inflammatory status [37] , both of which change dramatically in rat placenta over the last week of pregnancy [38, 39] . Therefore, it will be of interest to determine whether the CAF-induced reduction in LZ Nr1d1 expression contributes to the placental and fetal growth restriction previously reported in this obesity model [21, 24] . The CAF diet also suppressed fetal hepatic Nr1d1 expression in a time-of-day-dependent manner, effectively blunting the transient peak evident in the control group. One previous study reported that maternal obesity actually increased fetal hepatic Nr1d1 in Rhesus macaques, but this was based on only a single time point [40] . Our data clearly show the importance of full circadian analyses, since CAF-induced suppression of Nr1d1 occurred only at a single time point. While the implications of altered Nr1d1 signaling in fetal tissues are unknown, it could potentially contribute to the adverse metabolic programming outcomes observed in offspring of obese pregnancies [6] . Several recent studies have noted that this effect of maternal obesity extends to offspring circadian biology; specifically, offspring of high-fat (HF) fed mothers have disrupted hepatic clock gene expression [41, 42] , often in conjunction with symptoms of nonalcoholic fatty liver disease [43] [44] [45] . Interestingly, these effects were observed only in offspring weaned onto obesogenic diets, implying that postnatal feeding cues facilitate the development of these adverse metabolic outcomes. Taken together with these previous findings, our data suggest that altered Nr1d1 signaling in fetal life may also act as an underlying mechanism for the onset of programmed metabolic abnormalities. Although the alternative explanation that obesity per se is entirely responsible for altered clock gene expression in offspring remains a possibility, our observation that hepatic Nr1d1 is already altered in fetuses of obese mothers, well before they become obese, suggests otherwise. The slight CAF-induced reduction in maternal hepatic expression of several clock genes, and the approximately 1.5 h phase advance in their rhythms, are similar to previous observations in HF-fed, male mice [14, 16, 46] . Importantly, the hepatic clock is highly sensitive to food intake, with clock gene expression responding within 1 h of food consumption [47] . Moreover, both fat [16] and glucose [48] consumption alters hepatic clock gene expression in rodents independently of adiposity. As such, hepatic clock gene changes in CAF mothers may reflect CAF diet consumption per se, rather than adiposity-related parameters. The phase advances observed in the maternal hepatic clock may well reflect altered feeding times in CAF animals, since rodents with free access to an HF diet display increased daytime food intake [14, 46, 49] . Although the overall timing of food intake was not measured in this study, novel food items were provided to CAF mothers 1-2 h before lights off. As such, they are likely to have commenced daily eating earlier than the CON mothers, due to the novelty of the food items. Interestingly, because meal timing has major implications for the development of obesity in humans [50] , atypical eating patterns may also contribute to the metabolic complications that occur in obese pregnant women.
Consistent with the phase advance in maternal hepatic clock gene expression, hepatic Ppar-delta was also advanced by around 1.7 h in CAF mothers. While the molecular links between Ppardelta and the core clock machinery are not completely understood, recent evidence in zebrafish indicates that the Ppar-delta promoter does not contain E-box response elements (i.e., the binding sites for CLOCK:ARNTL), but does have three Nr1d1 binding sites [51] . This suggests that Nr1d1 has transcriptional control over Ppar-delta, consistent with our observation of a strong negative correlation between Ppar-delta and Nr1d1. As expected, Ppar-delta also exhibited a strong positive correlation with Arntl expression in maternal hepatic tissue at both days of gestation, consistent with a previous report of a positive relationship between ARNTL and PPAR-delta in leukocyte mRNA transcripts of pregnant women [52] . Ppar-delta promotes insulin resistance by stimulating hepatic glucose utilization and impairing gluconeogenesis [53] , and so the hepatic phase advance in Ppar-delta (likely driven by clock genes) may have downstream effects on glucose homeostasis in CAF mothers.
In contrast to maternal hepatic clock genes, placental and fetal clock genes were largely unresponsive to the maternal obesity insult. While fetal liver may be shielded from rhythmic maternal feeding cues, this is not the case for the placenta. It seems more likely that the fetal and placental clock gene systems do not respond to the CAF diet because their molecular networks are underdeveloped. Indeed, both fetal and placental clock gene expression profiles were largely arrhythmic and did not exhibit the anti-phase expression patterns typical of specific clock gene pairs (e.g., Arntl and Per2) in a functional molecular clock [9] . Moreover, the presence or absence of cosinor rhythmicity of the core clock genes was consistent between placental and fetal liver expression profiles, suggestive of comparable levels of clock functionality in these tissues. Interestingly, unlike the reduction in maternal hepatic clock gene expression near term, most placental clock genes increased over the same period. As discussed above in relation to Nr1d1, it is possible that clock genes exert effects on placental function that are unrelated to the circadian clock. Importantly, there also appear to be differences between rodents and humans in terms of fetal and placental circadian development; rodents are altricial species, and evidence suggests that hepatic clock Figure 5 . Rhythmic expression profiles of metabolic genes in maternal liver tissue of control (CON) and cafeteria (CAF) diet groups at days 15 and 21 of gestation. Shaded areas represent the dark period. Values are the mean ± SEM (n = 7-8 per diet group at each ZT), and data for each time point were derived from separate groups of animals. Cosinor curves are shown only for those genes that had significant cosinor rhythmicity. Statistical differences for cosine curve features are summarized in Table 3 . Values are the mean ± SEM (n = 7-8 per diet group at each ZT), and data for each time point were derived from separate groups of animals. Ppar-delta -Arntl 0.780 0.789 0.800 0.850 (P < 0.001) (P < 0.001) (P < 0.001) (P < 0.001) Ppar-delta -Nr1d1 -0.380 -0.544 -0.440 -0.540 (P = 0.01) (P < 0.001) (P = 0.003) (P < 0.001) gene function does not become fully rhythmic in the rat until around postnatal day 30 [54] . In contrast, humans have a longer gestational length and are comparatively precocial at birth, and so rhythmicity may be more established in the human fetus and possibly the placenta. Indeed, recent evidence suggests that clock gene expression is rhythmic in the term human placenta [55] , but it is unknown if this is disturbed by maternal obesity.
CAF mothers were hyperglycemic and displayed increased hepatic Slc2a2 expression across day 15 of gestation, suggesting that obesity may elevate hepatic glucose flux at mid-gestation. The CAFinduced hyperglycemia occurred in conjunction with elevated insulin, suggestive of insulin resistance. By day 21 of gestation, there was no longer any dietary effect in blood glucose or hepatic Slc2a2 expression, and insulin was only elevated at the ZT13 time point in CAF mothers. This time-specific insulin elevation may relate to the provision of novel food items, since ZT13 is the first time point after these were introduced. Interestingly, the lack of an overall diet effect on either glucose or insulin at day 21 is consistent with previous reports showing metabolic convergence between lean and obese individuals in late gestation [56, 57] .
In conclusion, this study provides novel evidence that obesity alters rhythmic Nr1d1 expression in maternal and fetal hepatic tissue, and in the LZ of the rat placenta. The CAF diet also reduced maternal hepatic expression of several clock genes and advanced their peak expression, and that of Ppar-delta. Other than Nr1d1, clock gene expression profiles in the placenta and fetal liver were largely arrhythmic, suggestive of functional immaturity of molecular clocks in these tissues.
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